Hypoxic pulmonary vasoconstriction (HPV) is a physiological response of pulmonary arteries, which adapts lung perfusion to regional ventilation. The properties of HPV vary significantly between animal species. Despite extensive use of mouse models in studies of HPV, this physiological response has never been characterized in isolated mouse pulmonary arteries in detail.
INTRODUCTION
In generalized alveolar hypoxia caused by a range of lung diseases or at high altitude, exaggerated sustained hypoxic pulmonary vasoconstriction (HPV) contributes to the development of pulmonary hypertension and, as a consequence, right heart failure (DunhamSnary et al., 2017) . Despite the long research history, the investigation of the mechanisms underlying HPV continues.
Currently, in experimental studies, HPV is assessed using a variety of in vivo and in vitro techniques. Among those, measurements of iso- (Sylvester, Shimoda, Aaronson, & Ward, 2012) . Rat intrapulmonary arteries (IPAs) appear to be one of the most convenient options for HPV studies in isolated vessels. Hypoxic pulmonary vasoconstriction in rat IPAs develops rapidly and, unlike some other cases, is biphasic, with a prominent transient constriction followed by a sustained increase in tone (Strielkov, Kizub, Khromov, & Soloviev, 2013; Sylvester et al., 2012) . Despite the advantages, the use of rats or other larger animals complicates the use of genetic manipulations in HPV studies, which is a significant limitation. In contrast, although genome-editing techniques are well established in mice, the reports regarding HPV in isolated mouse IPAs are practically Experimental Physiology. 2018;103:1185-1191.
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New Findings
• What is the central question of this study?
Hypoxic pulmonary vasoconstriction has never been characterized in isolated mouse pulmonary arteries of different generations in detail.
• What is the main finding and its importance?
We found that only small intrapulmonary arteries (80-200 m in diameter) exhibit hypoxic pulmonary vasoconstriction. The observed response was sustained, significantly potentiated by depolarization-induced preconstriction and not dependent on the endothelium or TRPC6 channels.
non-existent, with a few exceptions (Archer et al., 2001; Korde, Yadav, Zheng, & Wang, 2011) . Presumably, there are several reasons why mouse vessels are rarely used in myography experiments. First, isolation and mounting of intact mouse small IPAs in a wire myograph is a technically challenging and time-consuming procedure. Second, and more importantly, HPV appears to be hard to elicit in isolated mouse IPAs using standard protocols, which normally work for pulmonary arteries (PAs) of other animals (Connolly, Prieto-Lloret, Becker, Ward, & Aaronson, 2013; Manoury, Lamalle, Oliveira, Reid, & Gurney, 2011) . It has been shown that in isolated perfused mouse lungs, hypoxia evokes a typical biphasic increase in pulmonary artery pressure comprising a transient and a sustained component (Sommer et al., 2017; Veith et al., 2016) . However, only a transient hypoxic response has been observed in pre-and intra-acinar arteries in mouse precision-cut lung slices (Paddenberg et al., 2012) . The reason for this discrepancy is not clear. Against this background, we hypothesize that the properties of HPV in mouse PAs might depend on their size and/or location within the lung.
In view of the above, the aim of our study was to investigate the responses to hypoxia in isolated mouse PAs of different generations and establish a reliable protocol for studies of HPV in this model.
METHODS

Ethical approval
All animal experiments were performed according to institutional guidelines that comply with national and international regulations (EU directive 2010/63). The experiments were approved by governmental authorities (Regierungspraesidium Giessen, Hessen, Germany; approval 527M and 640M). The study was conducted in compliance with the ethical principles and standards as detailed by Grundy (2015) .
Animals
Adult male C57BL/6J mice with a body weight of 20 ± 2 g were obtained from Charles River Laboratories (Sulzfeld, Germany).
Trpc6 −/− mice were generated as described previously (Dietrich et al., 2005) . Sex-and age-matched wild-type animals from the same colony were used as control animals. All animals were of similar age (8-12 weeks old). All mice had access to standard laboratory mouse food and water ad libitum.
Pulmonary artery preparation
Animals were killed by cervical dislocation. The heart and lungs were rapidly removed and placed into Krebs physiological saline solution 
Hypoxia protocol
Before the onset of a hypoxic challenge, preconstriction was induced by application of either 15-20 mM KCl or 1-3 nM U46619, a synthetic thromboxane A2 mimetic. The concentration of these agents was adjusted for each artery individually to achieve a tension that was ∼20% of the maximal contraction produced by KPSS. When the tone reached a stable level, the gassing was switched to 1% O 2 , 5% CO 2 , balance N 2 in order to induce hypoxia. The partial pressure of O 2 in the bath during the hypoxic challenge was detected to be 15-22 mmHg (as measured by an oxygen sensor, Firesting; Pyro Science, Aachen, Germany). The tip of the sensor was situated ∼8 mm away from a vessel segment. The duration of hypoxia was 80 min.
Chemicals and solutions
All chemicals were acquired from Sigma-Aldrich (Munich, Germany).
Statistical analysis
Recordings and data analysis were carried out using LabChart 7 software (ADInstruments, Bella Vista, New South Wales, Australia).
Changes in vascular tension are expressed as percentages of the ΔTension
Normoxia Hypoxia F I G U R E 1 Effect of hypoxia on isometric tension in mouse pulmonary arteries of different generations. Changes in tension in extrapulmonary arteries (EPAs; a-c), large (LIPAs; d-f) and small intrapulmonary arteries (SIPAs; g-i) during 80 min of incubation in hypoxia (open symbols) and normoxa (filled symbols) in the absence of pretone and in the presence of KCl-or U46619-induced pretone (n = 6 for each group in a-f, n = 8 for each group in g-i). Data are expressed as means ± SD. Comparisons between values measured in normoxia and hypoxia for each time point were performed using Student's unpaired t test. * P < 0.05, ** P < 0.01 and *** P < 0.001 maximal contractile force developed in response to the final exposure to KPSS (% T K ). The number of experiments (n) for each group ranged from six to eight. Statistical analysis was performed using 
RESULTS
In most of the previous studies, the presence of pretone was required for the development of HPV in isolated pulmonary artery rings (Sylvester et al., 2012 influx in PASMCs, whereas U46619 at low concentrations has been shown to act primarily via stimulation of Ca 2+ release from the intracellular stores (Snetkov et al., 2006) . However, although it is highly probable that some form of HPV-enhancing pretone exists in vivo (Connolly et al., 2013) , its nature remains elusive. As a result, the properties of the hypoxic response observed in vitro, being largely dependent on the type of pretone, might differ significantly from those in vivo. Considering this, in the present study we also investigated the effect of hypoxia on tension in non-preconstricted PAs. T K in normoxia and hypoxia, respectively; P < 0.001; Figure 1e ]. The effect of U46619 was similar, but more pronounced [to 31.5 (8.4) and 34.4 (8.7)% T K in normoxia and hypoxia, respectively; P < 0.001; Figure 1f ]. Overall, in our experiments, hypoxia had no effect on tension in LIPAs (P = 0.762, 0.906 and 0.750 without pretone, with
KCl-and U46619-induced pretone, respectively).
In contrast to EPAs and LIPAs, hypoxia induced a sustained increase in tension in non-preconstricted SIPAs [to 16.2 (5.1) versus 2.6 (1.7)% T K in normoxia; P < 0.001; Figure 1g ]. This response was substantially potentiated in the presence of KCl-induced pretone [to 50.9 (13.8) (21.1)% T K in normoxia; P < 0.001; P = 0.999 versus intact endothelium in hypoxia; Figure 3 ]. In contrast, the application of U46619 induced slowly developing constriction in both hypoxia and normoxia [to 22.4 (8.0) and 22.0 (3.9)% T K ; P < 0.001; Figure 1i ], with no significant differences between these groups (P = 0.893).
Unlike typical biphasic HPV in isolated perfused and ventilated mouse lungs (Weissmann et al., 2006) , the hypoxic responses in iso- 
DISCUSSION
In the present study, we investigated the effect of an 80 min exposure to hypoxia on the tone in mouse pulmonary arteries. We found that the hypoxic responses varied significantly among pulmonary artery generations and that they were also dependent on the presence of pretone. Specifically, EPAs dilated in response to hypoxia. This finding suggests that EPAs in mice possess to some extent the properties of systemic arteries, which are also known to respond to hypoxia with relaxation (Andresen, Faraci, & Heistad, 2004) .
Surprisingly, LIPAs did not respond to hypoxia in our experiments.
We hypothesize that these arteries represent a 'transitional' type between EPAs and SIPAs, without either hypoxia-induced constriction or relaxation prevailing.
Unlike the arteries of other generations tested, SIPAs exhibited significant HPV even without pretone. In isolated perfused and ventilated mouse lungs, HPV is biphasic, with a rapid transient constriction (the acute phase) followed by a sustained increase in tone (the sustained phase; Sommer et al., 2017; Veith et al., 2016) , whereas the hypoxic response in isolated mouse SIPAs represents only a sustained constriction. In the absence of pretone, it starts after 30-40 min of incubation in hypoxia, which is similar to the time course of the sustained phase in isolated mouse lungs. Furthermore, the acute but not the sustained phase of HPV is completely absent in iso- respectively, exhibit only transient HPV (Paddenberg et al., 2012) .
Second, evidence has been provided that in the mouse lung oxygen sensing occurs at the alveolocapillary level and, in hypoxia, membrane depolarization is propagated through endothelium upstream, causing contraction in PAs (Wang et al., 2012) . The duration of the hypoxic challenges in this study was, however, only 10 min. Therefore, so far evidence has been provided only that this mechanism contributes to the acute hypoxic response. In our experiments, PA segments did not have contact with capillaries, which can explain the absence of the acute, transient component of HPV. It is noteworthy that isolated bovine and rabbit IPAs also exhibit only sustained constriction in response to hypoxia (Kizub et al., 2016; Talbot, Robbins, & Dorrington, 2003) .
The hypoxic response was increased theefold in SIPAs preconstricted with KCl. Thus, obviously, exogenous depolarization facilitates the development of HPV. This finding is in line with a recent report showing that reactive oxygen species-induced depolarization in mouse PASMCs is a crucial part of the HPV mechanism (Sommer et al., 2017) . In contrast, no HPV was observed in the presence of pretone induced by the thromboxane mimetic U46619, which is expected to act mostly via activation of Ca 2+ release from the intracellular stores (Snetkov et al., 2006) . Nevertheless, U46619 elicited a significant sustained contraction. We hypothesize that this agent itself could activate some of the mechanisms involved in HPV to the extent where further stimulation with hypoxia does not produce any additional effect.
The hypoxic response remains unaltered in SIPAs devoid of a functional endothelium. We thus conclude that, at least in our model, sustained HPV depends primarily on PASMCs, with little or no influence from endothelial cells on the basic mechanism of HPV. Interestingly, no effect of endothelial denudation on sustained HPV in bovine intrapulmonary arteries has also been reported recently (Kizub et al., 2016) . In contrast, the sustained phase of HPV is dependent on . n = 8 for both TRPC6 −/− hypoxia groups; n = 6 for all other groups. Data are expressed as means ± SD. Multiple comparisons between all groups for each time point were performed using two-way ANOVA. *** P < 0.001 compared with the respective values in normoxia the endothelium in rat and canine PAs, which indicates a significant species difference in this regard (Hoshino, Morrison, & Vanhoutte, 1994; Robertson, Aaronson, & Ward, et al., 2003) .
Only partial dilatation was observed in SIPAs during 10 min of reexposure to normoxia. It is plausible that prolonged hypoxia initiates a long-lasting activation of certain constricting mechanisms in mouse PASMCs, which is not acutely reversible. Along these lines, only partial vasorelaxation was also previously observed in isolated perfused mouse and rabbit lungs (Sommer et al., 2017; Veith et al., 2016; Weissmann et al., 2001) . Furthermore, some vasoconstrictor substances released in response to hypoxia might be accumulated in the myograph chambers during incubation, preventing the reversal of HPV, which has been previously shown for isolated rabbit pulmonary arteries (Talbot et al., 2003) .
Collectively, the features of HPV described in isolated mouse SIPAs appear to be close to those found in bovine and rabbit PAs (endothelium-independent monophasic sustained contraction without full relaxation upon reoxygenation; Kizub et al., 2016; Talbot et al., 2003) and significantly different from those in rat PAs (rapid biphasic contraction with full relaxation upon reoxygenation; Kizub et al., 2013; Strielkov et al., 2013) . This is probably a result of essential differences between the properties of PASMCs of mice and rats (Manoury et al., 2011; Weissmann et al., 2006; Yoo et al., 2012 ).
In conclusion, we have established a protocol that permits the study of sustained HPV in isolated mouse PAs using wire myography. Our data indicate that HPV is intrinsic to SIPAs and absent in larger arteries.
The observed hypoxic response represents a slowly developing sustained constriction, which is not dependent on the endothelium and is significantly potentiated in the presence of depolarization-induced pretone. Surprisingly, HPV in isolated SIPAs lacks the acute phase normally observed in isolated perfused mouse lungs. Furthermore, the features of the observed HPV appear to be different from those previously described for isolated rat PAs. Our findings might be useful for further evaluation of HPV using isolated mouse pulmonary arteries.
